The extracellular matrix proteoglycan (ECM) perlecan, also known as heparan sulfate proteoglycan 2 or HSPG2, is one of the largest (N 200 nm) and oldest (N 550 M years) extracellular matrix molecules. In vertebrates, perlecan's five-domain structure contains numerous independently folding modules with sequence similarities to other ECM proteins, all connected like cars into one long, diverse complex train following a unique N-terminal domain I decorated with three long glycosaminoglycan chains, and an additional glycosaminoglycan attachment site in the C-terminal domain V. In lower invertebrates, perlecan is not typically a proteoglycan, possessing the majority of the core protein modules, but lacking domain I where the attachment sites for glycosaminoglycan chains are located. This suggests that uniting the heparan sulfate binding growth factor functions of domain I and the core protein functions of the rest of the molecule in domains II-V occurred later in evolution for a new functional purpose. In this review, we surveyed several decades of pertinent literature to ask a fundamental question: Why did nature design this protein uniquely as an extraordinarily long multifunctional proteoglycan with a single promoter regulating expression, rather than separating these functions into individual proteins that could be independently regulated? We arrived at the conclusion that the concentration of perlecan at functional borders separating tissues and tissue layers is an ancient key function of the core protein. The addition of the heparan sulfate chains in domain I likely occurred as an additional means of binding the core protein to other ECM proteins in territorial matrices and basement membranes, and as a means to reserve growth factors in an on-site depot to assist with rapid repair of those borders when compromised, such as would occur during wounding. We propose a function for perlecan that extends its role from that of an extracellular scaffold, as we previously suggested, to that of a critical agent for establishing and patrolling tissue borders in complex tissues in metazoans. We also propose that understanding these unique functions of the individual portions of the perlecan molecule can provide new insights and tools for engineering of complex multi-layered tissues including providing the necessary cues for establishing neotissue borders.
Introduction
Perlecan, or heparan sulfate proteoglycan 2 (HSPG2), is an exceptionally large, secreted extracellular matrix (ECM) proteoglycan with a modular structure that supports its many functions in complex tissues. Human perlecan consists of 4391 amino acids including a twenty one amino acid long signal sequence that is absent in the mature protein.
The protein core of perlecan consists of a series of individual folding motifs or "modules" that include one SEA domain, three each of laminin G-like domains and laminin B domains, four each of LDL-receptor class A domains and EGF-like domains, eleven laminin EGF-like domains including two that are split (1st and 5th), and one that is incomplete (4th), and twenty two Ig-like C2 type immunoglobulin-like domains, all but one of which are in domain IV. The structural features of these modules and their organization into five domains have been well reviewed previously and the interested reader is referred to any of these excellent articles for more information (Iozzo et al., 1994; Gomes et al., 2002; Hassell et al., 2002; Melrose et al., 2002; Iozzo, 2005; Knox and Whitelock, 2006; Farach-Carson and Carson, 2007; Iozzo et al., 2009; Ida-Yonemochi et al., 2011; Ishijima et al., 2012; Kaneko et al., 2013) .
One fascinating aspect of perlecan in vertebrates is its almost invariable existence as a long modular multi-functional protein. While a few variants of the human protein have been reported (i.e. miniperl GenBank AAL79552.1), vertebrate perlecan almost always is produced as a single chain core protein with the biological variability largely attributable to the nature and extent of its decoration with glycosaminoglycan chains, specifically some combination of heparan sulfate (HS) and chondroitin sulfate, added to the core protein at specific sites in modular domains I (see annotation in UniProt P98160) and sometimes V (Tapanadechopone et al., 1999) . A single promoter drives and regulates perlecan expression. Then, like train cars linked behind one engine, the expression of the forty eight independently folding modules of human perlecan follows an encoded signal peptide locomotive that Matrix Biology 34 (2014) [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] directs the entire sequence into the secretory path for carbohydrate decoration. Beginning with the SEA module as the coal car and with the final laminin G-like 3 (LG3) module as the caboose, the diverse modules of perlecan are hitched together intracellularly by their assembly as a single polypeptide chain (Fig. 1) . After modification during intracellular trafficking through the secretory route, the whole assembly then is deposited into the extracellular space where the individual modules can interact with a variety of other ECM proteins, heparan sulfate binding proteins, and other protein modifiers Whitelock et al., 2008) . While some cells, such as chondrocytes and endothelial cells have the capacity, chaperones, and sugar nucleotide pools to make large amounts of fully decorated perlecan, the size and complexity of the protein prevent it from being produced easily as a full length recombinant protein. Most laboratories that study perlecan thus rely on purification protocols using large volumes of medium from cultured cells or tissue extracts, and take advantage of its large size and charge to separate it from other ECM proteins (Castillo et al., 1996; Kaji et al., 2000; Whitelock, 2001) . Other approaches include the recombinant production of individual perlecan domains or clusters of modules (Chakravarti et al., 1995; Hopf et al., 1999; French et al., 2002; Clarke et al., 2012; Decarlo et al., 2012) , or synthesis of perlecan sequence-containing peptides . The human HSPG2 gene is located on the reverse strand of chromosome 1 and covers 115,000 base pairs. There are 97 exons in the transcript, which is 14,327 base pairs in length.
The HSPG2 gene promoter that drives and modulates perlecan expression in vertebrates has been defined as the 2.7 kilobase (kb) long region lying immediately upstream of the start site of transcription . The proximal promoter region has the features of a CpG island promoter, lacking a TATA box. There are five apparent transcriptional start sites, and a short 5′ UTR consisting of 80 base pairs. Putative cis-responsive elements (CREs) were identified previously in the HSPG2 promoter . To better understand the evolutionary conservation of this promoter, we performed an in silico analysis using the PhastCons (Siepel et al., 2005) function of the UCSC genome browser, along with a series of complementary analyses using publically available programs. This analysis revealed evolutionary conservation in the noncoding region upstream of the HSPG2 gene amongst human, chimpanzee, rhesus monkey and mouse genomes, with much less conservation between the upstream regions of the HSPG2 gene in human and zebrafish genomes. The 20 kb upstream region of the HSPG2 gene includes 78 putative cis-responsive elements (CREs) as identified by the presence of known conserved sequences that interact with known transcription factors. Nineteen of these conserved putative CREs reside in the proximal 2.7 kb. Upstream of this conserved region lie approximately 3 kb of non-conserved sequence, followed by the next highly conserved upstream region. This indicates that the majority of functional cis elements in the HSPG2 promoter likely are found within 2.7 kb upstream of the transcriptional start site. Although additional putative CREs can be identified in the promoter region, when investigating the human genome alone, we suggest that the nineteen conserved CREs proximal to the transcriptional start site of HSPG2 are the most likely to function in primary gene regulation to produce the primary perlecan transcript ( Fig. 2A) .
Despite the complexity of the perlecan gene and the number of exons, the perlecan protein is surprisingly conserved (Fig. 2B ). This retention of protein structure throughout millions of years of evolution suggests an accompanying retention of function. In a previous article , we proposed a function for perlecan as an extracellular scaffold capable of modulating local intracellular signaling. In this review, we will extend that idea and further present a role for perlecan as a key molecule designed by nature to patrol her cell and tissue boundaries, where it can not only regulate local signals, but also help physically separate signals and confine them to individual cell and tissue compartments: hence, a role in "border patrol".
Unique modular structure creates unique functions
As described above, the perlecan core protein historically has been described in terms of five functional domains, each of which contains Fig. 1 . Modular structure of perlecan chain depicted as train cars assembled in tandem behind a common "engine" that is unique to perlecan. The individual modules are self-folding, joined by linker sequences between. The locomotive depicts the signal sequence driving the train into the cellular secretory path for secretion into the extracellular space. The SEA module is envisioned as the coal car, and is near the region where the majority of the glycosylation occurs in domain I (sugars not shown). Features of note include the "split cars" such as the three laminin EGF-like modules split by a laminin IV type A-like module (red split by blue). Note the one Ig-like module at the end of domain II, with the rest in long domain IV. The curvature of the train is suggested by the visualization of the perlecan monomer by atomic force microscopy (see text). a group of distinct functional modules that can interact with a variety of other proteins and molecules present in the ECM (Table 1) . These modules, especially those nearer the C-terminus, arose early in evolution, suggesting a critical function that was needed early to establish the boundaries of functional tissues. We previously suggested that intact perlecan with all functional modules linked together could serve as an extracellular scaffold large enough to hold together several lipid rafts in the plasma membrane of cells exposed to the ECM ). An analysis of the assembly of perlecan's multimodular structure in lower species compared to that in humans provides a unique way to examine the evolution of perlecan's function in tissues of multicellular organisms.
The perlecan protein is composed of a chain of modular motifs homologous to those of other ECM proteins (Noonan et al., 1991; Murdoch et al., 1992) . This structural organization is conserved amongst vertebrates and invertebrates alike (Noonan et al., 1991; Rogalski et al., 1993; Voigt et al., 2002; Hummel et al., 2004) . The domains of perlecan are arbitrarily divided based upon shared homology with other proteins, with human perlecan comprising five domains and perlecan in nematodes comprising only domains II, III, and IV (Rogalski et al., 1993) . The nature of mammalian perlecan's modular structure has been reviewed at length Here we will describe the known and putative functions of each domain in perlecan, and the extent of knowledge concerning each domain's contribution to the proposed barrier function of perlecan, with a focus on evolutionary insights.
Domains and their functions
At some point during the evolution of organisms with multiple cell layers, it appears that selective pressure forced perlecan's organization as a single several-hundred kiloDalton chain of modular repeating Hashes on the second black line denotes where the arbitrary perlecan domains begin and end. Vertical hashes on the schematic represent exon-exon junctions, and rectangles represent independently folding modules, color coded as described at the bottom of the figure. Below the schematic is displayed conservation of the protein amongst four vertebrates, human, mouse, chicken and zebrafish (denoted by H, M, C, Z next to the gray bars). Green lines represent 4-way protein identity, yellow lines represent 2 or 3-way identity, and red lines indicate no match between species. The 4 gray lines at the bottom represent the protein sequences of perlecan from each species, and how well they match to the human protein.
Note that the line in domain IV of the chicken and zebrafish proteins, unmarked by an attending rectangle, means there is in fact no protein at those locations (domain IV in zebrafish is much shorter than in humans). Brown et al. (1997) motifs. Speculation that the protein serves as an ECM scaffold is borne out by the variety of binding partners for the protein core and heparan sulfate chains. Recent work has added molecular details to show how perlecan links the two separate protein networks of collagen IV and laminin which together constitute the basement membrane (Behrens et al., 2012) . This work demonstrated binding of the laminin network by the perlecan core protein and binding of the collagen IV network by perlecan's heparan sulfate chains, which corroborates previous studies (Brown et al., 1994; Tillet et al., 1994) . Despite this, heparan sulfate-dependent binding of collagen IV has little bearing on perlecan's function in early metazoans, as invertebrate perlecan molecules lack domain I and thus most of the heparan sulfate attachment sites (Hummel et al., 2004) , although these species have the machinery to make heparan sulfate (Toyoda et al., 2000) . Certain of perlecan's interactions are crucial for maintaining tissue stability during development, and we will describe later in this article cases where loss of or deficiencies in perlecan protein can abrogate the barrier function of the molecule.
Domain I
Perlecan domain I consists of a module that shares some homology with the Sperm, Enterokinase and Agrin (SEA) fold of other ECM and cell surface proteins. The function that perlecan domain I plays in vertebrate tissue integrity and development cannot be overstated. A large part of this function is owed to perlecan's glycosaminoglycan chains, typically a mixture of heparan sulfate and chondroitin sulfate chains usually with a majority of heparan sulfate, attached at three sites that immediately precede the SEA fold, the coal car in Fig. 1 (Murdoch et al., 1992) . Domain I is the only domain of perlecan unique to the molecule -modules of domains II through V have high sequence homology to modules present in other ECM proteins (Murdoch et al., 1992) . These three glycosaminoglycan attachment sites share the consensus site S-G-D in mammalian perlecan. In Gallus gallus perlecan the third site is conserved, while the first two are modified to S-A-D and S-G-E, respectively. In Danio rerio, the SEA fold of domain I is conserved, but there exists no homology of the glycosaminoglycan attachment sites observed in higher vertebrates. Domain I is not present in Drosophila or Caenorhabditis elegans perlecan and appears to have been linked to the perlecan core protein later in evolution (Hummel et al., 2004) .
Domain II
Human perlecan domain II consists of four repeats with homology to low-density lipoprotein (LDL) receptor and one folding module with homology to the immunoglobulin (Ig) V-set domain. This is the only isolated Ig module in the perlecan core protein. Each of these folding modules shares greater than 80% pair-wise identity with other mammalian perlecan proteins. Perlecan domain II in G. gallus and D. rerio is structured similarly to mammalian domain II, and their folding modules share 50 to 75% homology with human perlecan. In Drosophila perlecan, or trol, domain II diverges from the vertebrate molecule by containing twenty one LDL-receptor domains, and one additional I-set Ig repeat. The final two hundred and fifteen amino acids of Drosophila perlecan domain II share 43% pair-wise identity with human perlecan and the folding modules in this region are spaced very similarly to those in human perlecan. C. elegans perlecan, or Unc-52, domain II, is similar to that of Drosophila, contains two Ig folds, but in contrast to Drosophila and similar to vertebrate perlecan, contains only three LDL-receptorlike folds. Unc-52 type III mutant occurs via transposon element insertion into the first Ig repeat of domain II, resulting in creation of a premature stop codon (Rogalski et al., 1995) .
Domain III
Human perlecan domain III encompasses an interesting stretch of the protein, containing three laminin B domains that break up a longer stretch of eleven laminin EGF-like repeats. An interesting structural feature of the laminin B domains is that their insertions split three of the laminin EGF-like repeats, hinting that they were inserted sometime during evolution into what was likely a contiguous stretch of EGF-repeats. This is easily seen by looking at the blue and red cars in Fig. 1 . Also note that one of the laminin EGF-like repeats is shortened (the 4th). All vertebrates including zebrafish share this splitting of the laminin EGF-like folding modules, and it appears to be the same in Drosophila perlecan. In C. elegans perlecan, these "split" laminin EGF-like modules also exist, but as described below, C. elegans domain III is shortened by one third. The similarities between human domain III and that of other vertebrates mirror that of domain II; domain III in mammals shares roughly 90% protein identity whereas G. gallus and D. rerio share roughly 60% protein sequence identity. Overall domain III protein identity with invertebrates is lower, 32% in Drosophila and 36.8% in C. elegans. While protein sequence identity within folding modules can be as high as 50%, the Drosophila domain III appears to encode one less laminin-EGF repeat than human perlecan at the C-terminal, and C. elegans domain III is absent in the 200 amino acid C-terminal stretch containing a laminin B module and several laminin EGF-like repeats. This variability no doubt provides clues to the complex evolution of this domain over the hundreds of millions of years that perlecan has existed in the metazoan genome.
Interestingly, in Unc-52, the homologue of perlecan in C. elegans, a type II mutation (st549) occurs in the second laminin B repeat of domain III -resulting in a premature stop codon. This mutation creates a terminal paralyzed arrest at embryonic two cell stage (PAT) phenotype characterized by immobility and arrested elongation at the two-fold stage of embryonic development (Rogalski et al., 1995) , a phenotype attributed to incomplete development of body-wall muscle cells.
Domain IV
Human perlecan domain IV is the most homogeneous region of perlecan, and consists of twenty one tandem Ig domain repeats, numbered as repeats 2-22 in human perlecan. Many mammalian perlecan genes encode 21 Ig modules in perlecan domain IV, but mouse perlecan includes only fourteen repeats (Hopf et al., 1999) , a result of splicing. A mouse splice variant form that added human Ig module-equivalents 8-10 has been reported (Noonan and Hassell, 1993) . The number and composition of the Ig repeats in domain IV also varies throughout evolution. G. gallus perlecan contains eighteen Ig repeats, D. rerio perlecan contains twelve, C. elegans perlecan contains fourteen, and Drosophila contains only ten. Protein identity for domain IV amongst mammalian species is near 90%, but in G. gallus protein identity is reduced to close to 60%, and among D. rerio and invertebrate perlecan there is less than 20% protein amino acid sequence identity when compared to human perlecan. All protein alignments and analytics were performed using the sequence analysis software package Geneious (Auckland, New Zealand) and GenBank reference sequences.
A colorized analysis of the individual sequences of the modules contained within the disulfide bonded regions of each the Ig repeats of human domain IV is shown in Fig. 3 . The two bonded cysteines are shown in green. All repeats contain a common tyrosine two amino acids from the C-terminal cysteine, shown in pink, and a common invariant tryptophan about a third of the way into the sequence shown in black. Proline (yellow) also is a common feature, with minor variation seen. From visual inspection, it is immediately apparent that two patterns appear: repeats 2-5 and 16-22 characterized by a more variable pattern for the Igs nearer the domain termini, and a tighter and more conserved pattern within the central repeats 6-15. All of these central repeats contain a doublet of basic amino acids (dark blue) followed by a glycine couplet (gold). It is intriguing to speculate that two common ancestral Ig folding patterns account for this structure. The blocked sequence in repeat 21 is the sequence of the adhesive peptide reported previously .
Unc-52 mutations e1421, e1012, e669, e444, e998, st196 occur in domain IV (Rogalski et al., 1995) , in exons that can be spliced out of alternative transcripts, rescuing the worm phenotype. This suggests that mutations in the Ig repeat domains can act as dominant negatives, and that having fewer repeats and a shorter domain IV is better than having misfolded proteins with regard to tissue structure and function. It is intriguing to speculate that the length of the Ig repeat-rich region thus plays another function, such as specification of tissue stiffness or elasticity at the tissue border.
Domain V
Human perlecan domain V contains three folding modules with homology to the laminin G chain, separated by two modules that share homology to EGF-like protein domains. Protein identity with vertebrate orthologs mirrors that of domain III, but in Drosophila and C. elegans, protein identity of folding modules is between fifteen and thirty-five percent. The C-terminal EGF-like fold is missing from C. elegans perlecan.
In mammals, the functions of this portion of the perlecan protein are associated with modulation of blood vessel growth and structural integrity . Ongoing work in several labs focuses on dissecting the complex structural functional relationships of the motifs in domain V that provide angiogenic control. Like a border patrol agent, endorepellin, one of the active fragments created by proteolytic cleavage of perlecan domain V (Gonzalez et al., 2005) , was reported to inhibit four aspects of angiogenesis: 1) endothelial cell migration; 2) collagen-induced endothelial tube morphogenesis; 3) blood vessel growth in the chorioallantoic membrane and; 4) angiogenesis in Matrigel™ plug assays . Further work by this group showed that endorepellin requires both the α 2 β 1 integrin and VEGFR2 to demonstrate its angiostatic activity (Goyal et al., 2011) . In brain, perlecan domain V (DV) promotes brain angiogenesis by triggering the release of VEGF from brain endothelial cells as shown in an in vivo stroke model (Clarke et al., 2012) . Interestingly, in this same study, the LG3 portion of DV, which is reported to possess the majority of DV's "angio-modulatory" activity outside of brain, binds poorly to α 5 β 1 and induces less endothelial cell proliferation than does complete domain V (Clarke et al., 2012) . This combined work provides experimental strength to the notion that perlecan can act as a context driven "switch" that can, by virtue of local proteolytic processing, patrol borders where endothelial growth and tissue penetration is under strict regulation.
Enzymatic cleavage releases latent activities
It is interesting to speculate that nature hitched together the perlecan modular train progressively during evolution to create a unique multifunctional protein capable of serving as a large, quiet barrier in resting tissues whose potential latent activities could be unleashed immediately during tissue activation. An obvious advantage of this design would be the immediate readiness for action of perlecan's many latent functions upon enzymatic activation, which would be available in seconds rather than the hours it would take if the individual functions had to be synthesized and then released in response to an activating stimulus such as a tissue wound or ischemic stroke. Additionally, these functions could be released coordinately in the ECM rather than through a complex series of signaling events and associated changes in gene expression involving many nuclear transcription factors. Finally, if indeed perlecan scaffolds signaling complexes in resting tissues and their unperturbed matrices, then proteolytic cleavage might "unraft" these signaling complexes, allowing them to diffuse through the plasma membrane to find productive binding partners for signal initiation. An idea of this nature would intimately link perlecan's domain structure and the evolution of its structure as a long monomeric protein present in the ECM, and further place it as a key player in innate host immunity. In essence, perlecan would provide a tissue "ECM patrol" to accompany the "cellular patrol" of innate immune systems.
To follow this line of thinking, consider that wholesale catabolic turnover of human perlecan by a combination of proteases and glycosaminoglycanases would immediately release a diffusable trainload of cargo of heparan sulfate bound factors and all of the potential protein binding interactions contained in the 48 modules of the perlecan core protein. Many heparan sulfate binding factors associate with perlecan's glycosaminoglycan (GAG) chains, and many of these factors are involved in tissue development and wound healing (Table 1 ). It seems possible that this feature of perlecan evolved as a normal mechanism to create and border areas of new tissue formation. For this reason, perlecan's many structural features can be exploited in tissue engineering of new tissues, a concept discussed further later in this article. Table 2 shows a representative list of molecules whose binding to perlecan, either to the core protein or to the HS chains, would add them to the depot made available for immediately delivery to a wound or site of tissue remodeling or turnover. In addition, the enzymatic degradation of the ECM in such sites also would release potentially bioactive fragments from the ECM core proteins themselves, as has been shown for collagen XVIII (angiostatin), perlecan (endorepellin, DMV, LG3), and laminin (Mann et al., 1988; Gately et al., 1997; Gonzalez et al., 2005) . This active turnover can create a positive feed forward loop in which the fragments can recruit patrolling white blood cells that release locally active cytokines, which in turn upregulate ECM, which is first a boundary and then can be further turned over until the wound is healed. For normal tissues, balanced tissue homeostasis is eventually restored. In some cases, an overshoot of repair can lead to fibrosis or scar (Czubryt, 2012) . In the case of solid cancers, the "wound that never heals", continuous remodeling and inflammation around the expanding tumor produces an unending tissue repair cycle that the cancer cells hijack to support their own growth. An example of this is the activation of the transcription factor, SMAD3, that activates the perlecan promoter in colon cancer cells . Treatment with interferon-gamma can inactivate the production of perlecan at the promoter level as demonstrated in reporter assays (Sharma and Iozzo, 1998) . Other ongoing studies in our laboratory show up-regulation of perlecan by inflammatory cytokines in the reactive stroma of prostate cancer cells (Warren and Farach-Carson, in preparation).
Concentration at tissue borders in complex tissues of vertebrates
When examining the distribution of perlecan in vertebrate tissues, it quickly becomes obvious that perlecan is concentrated in regions that separate tissues and tissue functions. Its presence at these cell and tissue borders inspired the title of this article, and lead us to carefully examine the tissue functions taking place on each side of a number of these perlecan-rich borders. We asked the question, exactly what activities are perlecan-rich matrices separating? A follow up question clearly is how does its structure allow it to do this? To illustrate these concepts, perlecan functions in six distinct types of normal tissue where it is required for normal tissue formation were considered. In some of these, such as the vasculature and the epithelium, perlecan is found in a basement membrane or basal lamina in association with collagen IV, laminin, nidogen/entactin, and other components of the basement membrane (Timpl et al., 1984) . In others such as muscle or bone, perlecan is part of the territorial matrix where it binds to other ECM proteins in tissue specific multi-protein complexes. Goyal et al. (2011) a Extrapolated from genetic and diffusion data.
Muscle
Skeletal muscle units are surrounded by a territorial membrane that is rich in perlecan. A mouse model in which levels of perlecan were reduced in skeletal muscle showed muscle hypertrophy, a decrease in myostatin expression, along with alterations in muscle fiber composition (Xu et al., 2010) . By studying responses to mechanical overload in control and perlecan deficient mice, these authors concluded that perlecan is needed to maintain fast muscle mass and fiber composition, as well as regulating signaling through myostatin. These observations are completely consistent with a role for perlecan in patrolling and maintaining the borders of skeletal muscle units. Likewise, it has been proposed that perlecan is critical for maintaining the integrity of the heart during cardiac development and further that perlecan supports heart function in the adult heart after injury (Sasse et al., 2008) . Complete ablation of perlecan expression is lethal in the mouse, with widespread cardiac defects (Costell et al., 1999; Arikawa-Hirasawa et al., 2001a; Sasse et al., 2008) . In the hearts of normal mice, perlecan resides in the basal surface of both myocardium and endocardium, as well as that of the surrounding presumptive neural crest cells (Costell et al., 2002) . In one of the most striking examples of the border patrol exerted by perlecan in the developing heart, the work in this same report observed an excess of mesenchyme or "mesenchymal overpopulation" that was attributed to uncontrolled migration of neural crest cells in the absence of perlecan, which would arrive prematurely to the heart and disrupt the formation of the outflow tract. Based on these observations, the authors concluded that perlecan is a key control of the mesenchymal population size and placement in the heart. In developing human heart tissues, perlecan first was found in the heart anlage, then in the basement membranes of the endo-and pericardium, as well as capillaries, through the first twelve weeks of growth (Roediger et al., 2009 ).
Bone and cartilage
In mineralized bone itself, there is very little, if any, perlecan present, as its heparan sulfate chains would be expected to inhibit mineralization (Grant et al., 1989; Thompson et al., 2011) . Rather perlecan is found in regions of bone that separate mineralized and non-mineralized compartments at the chondro-osseous junction (Fig. 4) . In developing long bones, perlecan is found in a tight peri-chondreal band of active growth where bone is both lengthening and widening, and is co-localized with the enzyme heparanase (Fig. 4) . Perlecan is rich in bone vasculature, in bone marrow stroma (Chen et al., 2007) (Fig. 5) , and in the lacunar-canalicular system (LCS) where it is a key component of the tethering system for osteocytes (Thompson et al., 2011) . In fact, the LCS system is compromised in perlecan-deficient mice (Thompson et al., 2011) .
Interestingly, in fractured bone, perlecan was found to be one of the earliest new genes to be expressed in the new fracture callous (Wang et al., 2006) , suggesting it plays a key role in bone healing. In this instance, perlecan is likely to appear both to re-establish tissue boundaries, and also to provide a depot for the timed delivery of growth factors needed for new bone formation. Additionally, perlecan domain I has been used as a vehicle for delivery of BMP2 for healing of early lesions in an induced model of osteoarthritis or in bone repair (Decarlo et al., 2012; Srinivasan et al., 2012) .
Vasculature
Perlecan is a key component of the endothelial BM, where it also helps connect the pericytes to the surrounding connective tissue matrix to stabilize the vasculature (Stratman and Davis, 2012; Gustafsson et al., 2013) . In this capacity, perlecan serves as a barrier between the contents of circulating blood and the surrounding tissue (Fig. 5 ). An excellent review of perlecan's role in angiogenesis and the developing vasculature, including the control of bioactive angiogenic factors has been published (Jiang and Couchman, 2003) . For white blood cells to reach sites of a wound or inflammation, the perlecan barrier must be crossed during extravasation. Likewise, metastatic cancer cells cross a perlecan-rich barrier during both intravasation and extravasation. To do this, they express both glycosidases and proteases (Heppner et al., 1996; Whitelock et al., 1996; Walch and Marchetti, 1999 ) that allow them to degrade the core protein and the associated HS chains. For metastases to brain, the perlecan layer that serves as part of the blood-brain barrier in the vascular basement membrane must be breached . Likewise, drugs and nanodelivery systems designed to reach the brain must be made to consider the properties of the perlecan barrier surrounding the tight endothelium in the brain.
Glandular epithelium
In glandular epithelia, a secretory epithelium is separated from an underlying connective tissue stroma containing vasculature and nerve. Regulation of transport and secretion of both fluid and solid components of exudate into proper ductwork requires the presence of a highly polarized epithelium that knows "top from bottom", otherwise cysts are formed. Perlecan plays a key role in this highly ordered structure by its B) A) Fig. 4 . Perlecan expression in the growth plate borders of long bones. Perlecan (red in both panels) patrols the border at the chondro-osseous junction that separates vascularized bone marrow from avascular cartilage. Panel A shows perlecan concentrated in the hypertrophic zone of the growth plate of a day 4 neonatal mouse. The spicules of mineralized bone are seen to the left (brown), and growing cartilage to the right, seen by nuclear stain (green). Panel B shows strong perlecan staining (red) on embryonic day 16.5 in avascular cartilage in both prehypertrophic and hypertrophic (top) regions. Note the strong yellow signal (arrows) that represents a ring of staining in the peri-chondrium that co-localizes with the enzyme, heparanase (green). This is an area where the bone is actively widening. Blue is nuclear staining. presence in the compact basement membrane underlying the epithelium, where along with collagen IV and laminin, it supports epithelial polarity (Schneider et al., 2006; Yurchenco and Patton, 2009 ). Along with this, however, it is worth noting that the presence of perlecan acts as a border beneath the epithelium that can restrict nerve and capillary growth to the connective tissue layer. There are several ways this can be accomplished. First, acting as a physical barrier, the long interwoven meshwork containing perlecan can act like a fence through which it is difficult for branching vessels to penetrate. Thus, they tend to spread out underneath the basement membrane sheath rather than push through. Second, the release of the anti-angiogenic C-terminal fragments of perlecan through limited proteolysis can provide a second retardant to vessel ingrowth into secretory epithelia (Goyal et al., 2011 ). Fig. 6 shows a stained section of salivary gland and a cartoon of a single secretory acinus. Note the presence of perlecan (green) as a defining feature of each acinar border separating it from the connective tissue underneath. Similar tissue concentrations of perlecan are seen in breast, prostate, pancreas, uterus, skin and many other organs with glands.
Brain, nervous tissue, eye
As a component of the basal lamina underlying the developing neuroendothelium, perlecan helps maintain the structure of the separate brain layers, and also provides a depot of growth factors needed to support key aspects of brain tissue morphogenesis. The spatiotemporal distribution of perlecan transcript and perlecan protein has been studied in the brain and nervous systems of several developing organisms as well as in adults, with a common theme of expression and structure stabilization at key borders and neuromuscular junctions. In mice, the developing central nervous system (CNS) was reported to be largely devoid of perlecan with the exception of the choroid plexus (Handler et al., 1997) . In the rat pineal gland, two basal laminae appear to be separated by a perlecan-rich barrier (Bagyura et al., 2010) . In Drosophila, trol transcripts and protein appear in the CNS around stage 15 (Friedrich et al., 2000) . Studies have suggested that the appearance of perlecan around this stage increases the proliferation of neuroblasts (Datta, 1995) . In the peripheral nervous system (PNS), perlecan is concentrated in the basement membranes separating Schwann cells from tissue, and is concentrated in the regions surrounding the nodes of Ranvier (Bangratz et al., 2012) . In vitro culture data suggests it can be made by the Schwann cells themselves (Chernousov et al., 1998) . A role for perlecan in clustering and stabilizing acetylcholinesterase and alpha dystroglycan at postsynaptic membranes has been reported by several laboratories (Hohenester et al., 1999; Steen and Froehner, 2003; Singhal and Martin, 2011) . Studies by Roediger et al. (Roediger et al., 2009 ), using human embryonic tissues, showed perlecan core expression, specifically domain III, in the endoneurium of peripheral ganglia and the basement membranes of neural capillaries from growth weeks 6-12. Neuronal cells themselves were negative for domain III and had little, if any, staining for domain V.
In the eye, perlecan is deposited into the basement membrane of the corneal epithelium (Kabosova et al., 2007; Inomata et al., 2012) , where immunohistological analysis of 8 week old mice has shown it clearly separates the corneal epithelium from the underlying stroma. It also is expressed in the basement membrane of the retina (Marneros et al., 2004) , where it is commonly used to demarcate the inner limiting membrane or ILM (Keenan et al., 2012) . In the lens, the presence of fully glycosaminoglycan substituted perlecan is critical for the development of the capsule, which itself functions as a barrier to insulate the lens from its environment (Rossi et al., 2003) . Thus, in multiple structures of the eye, perlecan's presence delineates the regions separating critical structures and functions, and in some cases is thought to actually determine the critical sizes of these compartments.
Decidua and embryo implantation
In mammalian reproduction, two major structures develop that lead to segregation of the developing embryo from maternal tissues. The deciduum is a maternal tissue that forms very early in the embryo implantation process. It is composed of differentiated stromal cells of the uterus and includes changes in the expression of many genes and gene products, including those of the ECM (Giudice, 2004; RuizAlonso et al., 2012) . Perlecan is not expressed by undifferentiated cells of the uterine stroma, but its expression increases rapidly and robustly during decidua formation in both mice and humans (Aplin et al., 1988; Julian et al., 2001; D'Souza et al., 2007; Chen et al., 2008) . At least in mice, perlecan appears on the external surface of the blastocyst at the time the blastocyst becomes attachment competent and some evidence indicates that heparan sulfate proteoglycans promote embryo attachment (Farach et al., 1987 (Farach et al., , 1988 Carson et al., 1993; Smith et al., 1997) . Nonetheless, perlecan null embryos do not appear to have implantation defects suggesting that perlecan is not absolutely required in the implantation process (Costell et al., 1999) , a unique border where tissues from two separate organisms form a stable boundary. Decidual differentiation occurs to some extent in all mammalian species, but is not as robust in domestic species (sheep, ruminants) in which the placentation occurs in the uterine lumen via superficial attachment to the surface endometrium (Igwebuike, 2009) . In rodents and humans placentation is an invasive process, occurring deep in the endometrium (Cha et al., 2012) . In these species, perlecan expression is rapidly induced following embryo attachment in stroma subjacent to the embryo attachment site and then radiates from the site into the deep stroma (Aplin et al., 1988; Julian et al., 2001; D'Souza et al., 2007; Chen et al., 2008) . Other basal lamina components including laminin and type IV collagen also are induced, although organized basal lamina are not morphologically apparent (Wewer et al., 1985; Aplin et al., 1988) . Perlecan also is expressed robustly by the placenta particularly at the points of attachment to maternal tissue (Rohde et al., 1998) . In both decidua and placenta, this perlecan-rich matrix forms prior to vascularization and compartmentalizes the developing embryo and placenta from maternal tissue, maintaining the border for the duration of the pregnancy. Nutrient, gas and ion exchange occur between maternal and fetal/placental tissues and, as is the case in kidney glomeruli, perlecan is likely to play a role as a filter (Rosenzweig and Kanwar, 1982; van den Born et al., 1992) . Moreover, decidua and placenta are rich reservoirs of heparinbinding growth factors (Smith, 2000; Sonderegger et al., 2010; Cha et al., 2012) . Thus, in addition to providing a barrier, perlecan also likely acts to filter and control delivery of ions and small molecules as well as proteins at the fetal-maternal interface.
Loss of perlecan at tissue borders associated with pathology in vertebrates
Given the clear role that perlecan plays in preserving functional borders in vertebrate tissues, what are the consequences of loss or reduction of perlecan levels on tissue integrity? What happens when the border is not being properly patrolled? A variety of mouse, Drosophila, and C. elegans mutants including mice null for perlecan and perlecan hypomorphs provide the answers to some of these questions.
Schwartz-Jampel syndrome/DSSH
Complete absence of functional secreted perlecan is lethal both in mice (Costell et al., 1999) and in humans (Arikawa-Hirasawa et al., 2001a,b) , where it is associated with the syndrome Dyssegmental dysplasia, Silverman-Handmaker type (DSSH) (OMIM entry 224410), an autosomal recessive condition in which truncated perlecan is retained intracellularly (Arikawa-Hirasawa et al., 2001a) . A similar phenotype could occur where mutated forms of perlecan, acting as a co-aggregating dominant negative, prevent secretion of normal perlecan creating a functional absence of the proteoglycan (ArikawaHirasawa et al., 2001a) . In contrast, more minor reductions in perlecan in tissues lead to a syndrome called Schwartz-Jampel (SJS) (OMIM entry 255800), which can range from very mild to quite severe. SJS, like DSSH, is thought to be an autosomal recessive trait, but cases of dominant inheritance also have been reported, likely owing to dominant negative actions of mutant proteins (Pascuzzi et al., 1990) .
The most affected tissues are muscle, cartilage and bone, not surprisingly as these are the tissues where perlecan expression is highest. In addition to the disorganization of the growth plate and chondro-osseous junction of bones in the absence of perlecan, there are other distortions in the growth of joints including the temporo-mandibular joint (Stephen and Beighton, 2002) , myotonia and electrical disturbances of muscle (Echaniz-Laguna et al., 2009) and modifications to the structures of facial bones (Pinto-Escalante et al., 1997). The common aspect of these features is that they can be attributed to an impairment of the boundary functions of perlecan, allowing tissues to form without clear structural or functional delineations.
The loss of perlecan in the peripheral nervous system, particularly that occurring in the basement membrane of Schwann cells and in neuromuscular junctions, accounts for peripheral nerve hyperexcitability (PNH) associated with SJS. A mouse model of SJS showed Schwann cell dysfunction and neuromuscular junctional changes that were associated with PNH and axonal depolarization (Bangratz et al., 2012) .
Osteoporosis/osteoarthritis
In skeletal tissues, loss of perlecan in bone and cartilage can have devastating consequences. In humans with SJS, the musculoskeletal consequences are among the most severe . Perlecan loss is associated with loss of normal compartmental structures in bone and cartilage (Costell et al., 1999) , and patients with SJS are prone to bone and cartilage loss (Stum et al., 2005; Stum et al., 2006) . Changes in perlecan expression have been implicated in the late stages of osteoarthritis in the human knee joint (Tesche and Miosge, 2004) . Mice containing functional interruption and mutations in the Hspg2 gene to model SJS showed impaired mineralization, misshapen bones, flat face, and joint dysplasias similar to those seen in osteoarthritis (Rodgers et al., 2007) .
In bone, cells called osteocytes project long processes throughout the mineralized bone matrix, forming an interactive living network that coordinates and communicates signals throughout the tissue. This network lies within a network (LCN) that is vital to fluid movement, nutrient and waste exchange, as well as passage of signaling molecules (Knothe Tate, 2003) . Perlecan plays a key role in maintaining the boundary surrounding osteocytic processes including the integrity of the LCN (Thompson et al., 2011) . Ultrastructural measurements of images obtained using electron microscopy of perlecan/Hspg2-deficient mice showed a diminished pericellular area in the LCN compared to wild type littermates with normal perlecan levels (Thompson et al., 2011) . This loss of osteocyte function and communication can lead to bone loss, osteopenia, and eventually osteoporosis (Bonewald, 2004 ).
Hspg2 is among those genes listed as those related to risk of osteoporosis (Valdés-Flores et al., 2013).
Cardiac and vasculature malfunction; stroke
In normal vascular tissues, perlecan present in basement membranes of blood vessels stabilizes their structures while anchoring them with other ECM molecules to the surrounding connective or neural tissue. Recent work showed that during ischemic stroke in the CNS, rapid processing of perlecan to release domain V is both neuroprotective and pro-angiogenic (Lee et al., 2011) . This occurs without changes in permeability of the blood-brain barrier, suggesting the tissue barrier function of the perlecan core protein lies in modules N-terminal to domain V, likely in domains II-IV that also are present in invertebrates with distinct body compartments but lacking domain I. Consistent with this notion, further degradation of perlecan in endothelial basement membranes leads to compromise of the blood-brain barrier Roberts et al., 2012) .
During arterial injury, perlecan turnover again plays a role in tissue recovery. Uncompromised perlecan in normal arterial tissue maintains separation from smooth muscle layers, and is a potent inhibitor of smooth muscle cell proliferation while storing growth factors needed for rapid vascular repair (Chen et al., 2001; Segev et al., 2004) . After damage, perlecan fragments and bound pro-angiogenic fragments released from damaged ECM can support endothelial cell proliferation to restore the vascular structure and prevent hypoxic damage (Segev et al., 2004) .
Perlecan also is critical for maintaining the stability of vital structures in the heart. Perlecan-null mice die en masse on embryonic day 10.5, primarily because of blood leakage into the peri-cardial cavity (Costell et al., 1999) , a loss of a vital mechanostable tissue barrier that fails as the heart demand on tissue increases. More recent studies designed to unravel the cause of the leakage showed that basement membranes lacking perlecan deteriorate in the heart with accompanying loss of cell-cell attachment in the ventricle and outflow tract (Sasse et al., 2008) .
Brain and nervous tissue; exencephaly, eye and other tissue failures
In mice lacking perlecan both defects in the border in the brain and the heart appear to contribute to lethality. In a majority (55%) of mice lacking perlecan, disruptions in the basal lamina contribute to a condition of exencephaly; whereas the remainder tends towards microcephaly (Giros et al., 2007) . Many mice with cardiac leakage also have exencephaly. Interestingly, cell proliferation decays in the absence of perlecan in those animals that do not become exencephalic (Giros et al., 2007) . Because mice and humans with disrupted EXT1, an enzyme involved in heparan sulfate biosynthesis, also show a small cerebral cortex (Inatani et al., 2003; Narvid et al., 2009) , it is tempting to speculate that HS contributes to key growth factor binding functions of perlecan domain I. With regard to border patrol functions in the brain, reductions in perlecan allow brain tissue to expand into the overlaying ectoderm, a breach that is reported to allow neuroepithelial expansion, neuronal ectopia, in addition to exencephaly (Costell et al., 1999) .
Several features of the eye include thin, delicate epithelial structures supported on a basement membrane. As described above, several labs have demonstrated perlecan's presence in the basement membrane of the normal corneal epithelium (Schlötzer-Schrehardt et al., 2007; Dietrich-Ntoukas et al., 2012) , separating the epithelial and stromal layers, and in Descemet's membrane, separating the stromal and endothelial layers. Its expression varies with age (Kabosova et al., 2007) , and across various locations (Ljubimov et al., 1995) , and is known to be expressed by corneal stromal cells, both normally and in response to injury (Hassell et al., 1992; Brown et al., 1999) . Additionally, its influence on epithelial structure was confirmed recently, as perlecan-deficient mice were shown to have defects in the structure of this epithelial layer (Inomata et al., 2012) . Thus, loss of perlecan is highly detrimental to the structures of the eye.
Evolutionary origins reveal association with establishment of tissue function

Uncs
The "uncoordinated" or Unc mutants were first identified by Brenner in 1974 (Brenner, 1974 , but Unc-52 was not attributed to a mutation in the C. elegans perlecan gene until 1993 (Rogalski et al., 1993) . Loss of Unc-52 results in a PAT phenotype similar to that seen in the loss of nematode collagen IV genes, characterized by loss of embryonic extension concomitant with body wall muscle dysfunction (Gilchrist and Moerman, 1992; Gupta et al., 1997) . Loss of functional Unc-52 protein is thought to disrupt formation of body wall muscle cell dense bodies, an analogue to focal adhesions (Waterston et al., 1980) . These dense bodies detach from the plasma membrane with age or if pressure is applied to the animal (Waterston, 1988) . In certain Unc-52 mutants, electron microscopy reveals that as the animals age, foreign cell types invade the muscle cell layer, which should be contiguous (Waterston et al., 1980) . This is not unlike what is seen in the developing heart in the absence of perlecan (Costell et al., 1999; Sasse et al., 2008) .
Additional effects of viable Unc-52 mutations include defects in gonad organogenesis. These defects can be suppressed independently of the body-wall muscle defects, indicating that these functions of Unc-52 are separate (Gilchrist and Moerman, 1992) . Loss of Unc-52 regulation of growth factor signaling may be responsible for gonad dysgenesis in mutants (Merz et al., 2003) . The Unc-52 M isoform is crucial for maintenance of wild-type gonadogenesis, loss of this specific isoform leads to aberrant growth factor signaling (Merz et al., 2003) . The barrier function of Unc-52 is apparent in the gonadal sheath rupture phenotype of certain mutant strains. This phenotype includes destruction of the basement membrane surrounding the gonad, sometimes accompanied by "disappearance" of the sheath cells and leaking of oocytes into the body cavity (Gilchrist and Moerman, 1992) . It is unclear what drives this effect on sheath cell integrity, but it has been speculated that it is mediated by a loss of adhesion signals to the cells from the Unc-52-depleted basement membrane. Unc-52 mutation or depletion has been tied to developmental defects in the pharynx (Jafari et al., 2010; Morck et al., 2010) .
Trol mutants
Drosophila perlecan is referred to as terribly reduced optic lobes or trol. Mapped to the X chromosome, trol was identified in a genetic screen for mutations affecting imaginal central nervous system (CNS) development (Datta and Kankel, 1992) . Certain mutant alleles of trol result in vacuolation of the optic lobe neurons and misguided development of axons in the optic lobe, which occur to varying degrees of severity. These phenotypes are tied to a loss of proliferation of the precursor optic lobe neuroblast cells during the transition from second to third instar larvae, and to a decrease in overall CNS cell proliferation. The functional consequence of this mutant is decreased performance in certain behavioral experiments that were created to test vision (Datta and Kankel, 1992) . One allele of trol affects the integrity of the neuropil in the ventral ganglion of third instar larvae: neuropil in these animals is nearly overtaken by neuron cell bodies (Datta and Kankel, 1992) . Once again, this is an example of compromised function of a critical barrier that allows cells to move into regions from which they are normally excluded.
Trol, in accord with the signaling role of perlecan in vertebrates, regulates signaling and diffusion of signals by the FGF and hedgehog molecules (Park et al., 2003) . This interaction is not clearly understood, as in vertebrates it relies upon heparan sulfate binding to heparin-binding growth factors, and trol protein includes neither GAG attachment sites nor a homologue to the vertebrate domain I. Signaling transforming growth factor beta and WNT, or wingless, in the Drosophila brain also depends upon trol expression (Lindner et al., 2007) .
Trol has some roles in tissue development that seem to be related to cell adhesion and tissue polarity. There are three Arg-Gly-Asp (RGD) sequences in trol, and some evidence that they bind to the Drosophila integrin βV in larval hemocytes. This interaction has been suggested to mediate the phagocytosis of apoptotic cells (Nagaosa et al., 2011) . Trol and dystroglycan partner to maintain follicle-cell epithelium polarity through basement membrane interactions when flies are under energetic stress. In trol-negative systems this barrier is no longer functional, and dystroglycan is no longer sequestered in the basal membrane, in parallel with apical cell markers migrating to the basal membrane (Schneider et al., 2006) . This may contribute to reproductive dysfunction in these fly genotypes. Studies of matrix metalloproteinase (MMP) function in developing flies revealed a function for MMP2 in spatially and temporally dynamic regulation of perlecan and collagen IV deposition in the BM. This barrier, when left intact by MMP2 knockout, prohibited the proper formation of the Drosophila air sac primordium, and was characterized by accumulation of collagen IV and perlecan (Guha et al., 2009) . Basement membrane-associated trol also defines organ shape in developing wing disc and ventral nerve cord (PastorPareja and Xu, 2011) . In trol-knockout larvae, these organs have a narrow and constricted shape in comparison with wild-type organs.
This provides yet another example of a key role for perlecan in setting cell boundaries during complex tissue morphogenesis.
Evolutionary clues about perlecan and basement membrane assembly
The evolutionary origin of the perlecan gene remains speculative, and a multicellular animal genome that does not encode a perlecanlike gene has yet to be discovered. A telling insight into the evolution of the perlecan gene will be provided when an early genome that does not encode a perlecan gene is found. C. elegans Unc-52 is the oldest well studied perlecan gene, and Drosophila melanogaster trol is the second-oldest well studied form of perlecan. Clues to the evolutionary organization of perlecan are found by comparing these ancient genes to the more modern perlecan genes of vertebrates, as described above in Section 2. It is interesting to speculate that the inclusion of 18-20 more LDL receptor-like folding modules in trol represents a remnant of the ancestral form of domain II, and these additional LDL receptorlike modules were lost in vertebrate perlecan, but the absence of these additional repeats in the more simple C. elegans makes one wonder if this is so. Interesting too is the presence in Unc-52 of an additional Ig module in domain II, which is present in flies, but not vertebrates. It is unclear whether these differences occur due to duplication of these LDL receptor-like modules in flies or negative selective pressure in the other clades. Also of note is the lack of O-glycosylation sites in domain I of zebrafish, Drosophila, and C. elegans perlecan. There are three O-glycosylation sites in domain I of chicken and mammalian perlecan molecules, at positions where heparan sulfate or chondroitin sulfate typically are added. The evolutionary pressure that led to these complex adaptations, or "rehitchings" of the train cars, is unclear.
Of interest, the RPL21P29 pseudogene resides within the 40,000 base pair intron one of perlecan in all apes, but not in lower mammals or any other species. This pseudogene is found 145 times in the human genome (Zhang et al., 2002) . Given that it is conserved in the perlecan gene only in apes, it seems to be a recent addition to this locus. We find variation among the numbers of Ig modules in domain IV (Fig. 2) , suggesting that insertions or duplications of certain Ig modules in domain IV occurred commonly throughout evolution. Although the central Ig modules are more conserved relative to each other in human perlecan (Fig. 3) , they are not conserved in evolution (Fig. 2) , persisting in mouse perlecan, but not entirely present in chicken perlecan, and even more scarcely present in zebrafish perlecan. The reasons for this variation remain unknown.
Translating boundary functions into useful constructs for tissue engineering of multi-layered tissues
Efforts to regenerate any of the tissue systems described in Section 4 should include some or all of perlecan's barrier characteristics. In some tissues, such as cartilage and bone, perlecan is present throughout a territorial matrix, demarcating a region of low vascularity. Conversely, in vasculature, perlecan's presence is reduced to a nearly 2-dimensional sheet within the basal lamina, where it participates in endothelial cell adhesion, preserves pericyte separation, and inhibits pathogen penetration. In lieu of simply trying to implement pure perlecan protein (as is more frequently and easily accomplished with collagen I or fibrin hydrogels), tissue engineers most commonly have used polymeric systems to recapitulate as many of perlecan's barrier properties as possible for selected applications. In this context, key characteristics to target would include:
• physical barrier, optimally with selective permeability to the diffusion of molecular or nanoscale gasses, nutrients, and cytokines or growth factors • physical barrier, optimally with selective permeability to cell migration, via cell-directed degradation of the barrier (e.g. MMPs, hyaluronidases, local pH) • depot for the retention (covalent or non-covalent) of selected growth factors • reference point for cell polarization, via the display of appropriate receptor ligands.
Direct efforts to mimic perlecan's boundary functions to date have been limited, but recent tissue engineering examples demonstrate progress toward this end. Some examples follow.
Ocular engineering
Considering perlecan's role in development of eye structures (Dong et al., 2002; Keenan et al., 2012) , including its presence as a common basement membrane component and phenotype in trol mutants in Drosophila discussed above, efforts to regenerate these delicate eye structures would benefit from incorporation of one or more of perlecan's barrier functions. Many recent efforts to grow corneal layers artificially have attempted to replicate some aspects of the basement membrane interface. Researchers may instinctively employ biologicallyderived substrates to support cell proliferation and organization. For example, amniotic membrane is frequently employed, as it contains many basement membrane components, can be easily harvested and preserved, and may be sufficiently anti-inflammatory and anti-immunogenic for this use (Ahn et al., 2007; Dietrich-Ntoukas et al., 2012) . However, the chief disadvantage of such biologically-derived membranes is their inherent variability, which may vary with the site of harvest, the age of the donor, post-processing methods, and the duration of pregnancy at the time of harvest. Such compositional properties impact the consistency in the desired performance parameters, such as nutrient diffusion, optical clarity, and mechanical strength. Processed single-protein films greatly reduce this variability, at the expense of reduced complexity compared to native tissue (Reichl et al., 2011; Shadforth et al., 2012) .
Alternately, researchers use thin polymer layers, which offer far higher reproducibility and often easier processing and characterization. For the ocular application, a~100 μm thick film might be used, with added porosity to enable nutrient movement through the membrane. Evans et al. implemented multiple polycarbonate-based materials as a surrogate BM, with particular recent focus on a biostable perfluoropolyether to support epithelial overgrowth (Evans et al., 2011) . Their work examined the impact of pore size on this parameter, and demonstrated that cell overgrowth was improved with smaller pores, likely due to the greater surface roughness associated with larger pore sizes. Wang et al. (Wang et al., 2012) employed chitosan-poly(ε-caprolactone) blends to create films for corneal endothelium transplantation, and Treharne et al. used methacrylate-based copolymers as artificial Bruch's membranes for retinal pigment epithelia (Treharne et al., 2012) .
Salivary gland engineering
Functional reconstitution of a 3D glandular structure such as the human salivary gland is difficult, owing to a complex tissue structure of distinct cell types that must reassemble to provide vectorial secretion of a complex biological fluid. As in other multilayered glandular tissues, the basement membrane guides and supports both the structure and function of the salivary gland, and as noted in Section 4.4, perlecan's role in this organization is integral. Perlecan's involvement as a depot for influential heparin-binding growth factors in the submandibular gland has been well-documented by Hoffman and co-workers (Patel et al., 2007 (Patel et al., , 2008 Makarenkova et al., 2009 ). Heparan sulfate significantly modulates the diffusion and availability of many FGFs, when then differentially affect branching morphogenesis.
Despite extensive recent research in salivary gland development, efforts at regeneration using the classic tissue engineering models are few, and suffer from insufficient sources of cells and scaffold materials (Scheller et al., 2009 ). Some of the earliest efforts employed biodegradable poly(α-esters) (PGA/PLGA/PLLA), fashioned into microporous scaffolds through traditional porogen leaching or microfiber methods (Baum et al., 1999; Aframian et al., 2000; Aframian et al., 2002; Joraku et al., 2005) . Other materials, which can present necessary protein cues and more relevant mechanical properties, have been employed more recently. Collagen/Matrigel™ hybrids (Joraku et al., 2007) are closer matches to native tissue, both in terms of gel modulus and composition, but murine Matrigel™ cannot be used for human tissue repair. Recent work (Chen et al., 2005; Young, 2008a,b, 2009) suggests that well-defined polysaccharide gels may be a potential solution. Naturally-derived hyaluronic acid (HA) hydrogels also have been employed and have a long history of biocompatibility coupled with HA's known role in promoting tissue regeneration over fibrosis (Pradhan et al., 2010; Pradhan-Bhatt et al., 2013) . Incorporation of a small peptide sequence from perlecan domain IV into HA hydrogels induces 3D acinus formation and expression of salivary-specific markers (Pradhan et al., 2009) . Future work should include perlecan's incorporation into 3D hyaluronan-based hydrogels to further guide salivary gland regeneration, and mediate the interaction between acinar and myoepithelial cell types.
Cartilage engineering
In contrast to its presence in the thin basement membranes of the eye and the salivary gland, perlecan is established as a broad barrier in the osteochondral junction (as described in Section 4.2 and observed in Fig. 4 ). We have previously described the integral role of perlecan's tethered glycosaminoglycan chains in directing and supporting cartilage development (French et al., 1999; French et al., 2002; Gomes et al., 2002) . While perlecan in cartilage is localized in the close pericellular space around chondrocytes, it is also generated in great supply throughout the growth plate by hypertrophic chondrocytes. The abundance of heparan sulfate in this region serves to prevent mineralization, and retain potent growth factors that influence cell fate.
Researchers have coined the field of "interfacial tissue engineering" (Lu and Jiang, 2006; Yang and Temenoff, 2009; Seidi et al., 2011) as a description of regenerative scaffolds that target the osteochondral junction. Examples of this strategy cross many fields, as shown in a tri-laminate cardiac heart valve application with varying stiffnesses of each poly(ethylene glycol) hydrogel layer (Tseng et al., 2013) . Some systems may consider the mechanical interface between the relatively "hard" bone and "soft" cartilage, but most inevitably mimic either the barrier or cytokine depot functions of perlecan (Santo et al., 2013) . In cartilage-specific applications, we have described a perlecan-based system for the retention and gradual release of BMP-2 from the heparan sulfate chains of perlecan domain I, tethered to hyaluronic acid-based hydrogel particles (HGPs) (Jha et al., 2009) or to polylactic acid scaffolds (Yang et al., 2006) . This system significantly enhanced the chondrogenic differentiation of C3H10T1/2 cells in high-density micromass culture. Conversely, a recent example of 3D chondrocyte culture on a silk scaffold lends credence to perlecan's role as a barrier to slow the progression of heparin-binding growth factors . When these 3D scaffolds were cultured in media over a 2D layer of osteoblasts, the outer chondrocytes in closest contact to the osteoblasts demonstrated reduced expression of chondrocytic markers (aggrecan, collagen II), and upregulation of collagen X and MMP13, markers of hypertrophic chondrocytes at the osteochondral junction. In this case, without a proteoglycan barrier (such as perlecan) to retard the diffusion of osteogenic cytokines, chondrocytes were driven to an alternate differentiation program.
As these and other examples demonstrate, researchers in interfacial tissue engineering have focused predominantly on creating scaffolds with biphasic or gradient features, such as elastic modulus, macroscale pore size, or chondrogenic/osteogenic growth factor release. True biomimicry of the osteochondral junction would additionally include a proteoglycan-based barrier to mediate cell phenotype at the osteochondral interface. In many of the most prominent examples of this work, perlecan may indeed be present at this junction, but yet to be discovered. Deliberate incorporation of perlecan into these scaffold designs may alter cell response and improve the overall regeneration of these skeletal structures.
Summary and future directions
It is exciting to consider the roles of a complex proteoglycan such as perlecan, a large and ancient molecule with many diverse functions. We believe that only a few of the many potential functions of this molecule have been discovered, and suggest that there are many more to be uncovered. Insights into the functions of the five domains, the individual modules or cars of its long train, the relationship between core protein and glycosaminoglycan, and the roles of the intact and degraded molecule lie on the horizon. Studies of the core protein, as presented in the literature, and of domain IV in particular, have led us to propose a key role for perlecan as a key player in the border patrol of unique regions of complex tissues in metazoans. Compromise of the border often is associated with tissue pathologies and developmental anomalies. Understanding the border functions and their molecular basis can provide new ways to engineer tissues for repair of tissue lost to damage or disease. There are many more rail ties for perlecan biologists to lay down to achieve a full understanding of this proteoglycan in health and disease.
